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The Unruh effect predicts a thermal response for an accelerated detector moving through the
vacuum. Here we propose an interferometric scheme to observe an analogue of the circular Unruh
effect using a localized laser coupled to a Bose-Einstein condensate (BEC). Quantum fluctuations in
the condensate are governed by an effective relativistic field theory, and as demonstrated below the
coupled laser field acts as an effective Unruh-DeWitt detector thereof. The effective speed of light
is lowered by 11 orders of magnitude to the sound velocity in the BEC. For detectors traveling close
to the sound speed, observation of the Unruh effect in the analogue system becomes experimentally
feasible.
Introduction.— The formulation of quantum field
theory (QFT) in curved spacetime highlights the ambi-
guity of the definition of particle and “vacuum” state
which persists even in flat spacetime. A prominent ex-
ample thereof is the Unruh effect [1]. Originally stated
it predicts that a uniformly linearly accelerated observer
sees fluctuations of the Minkowski vacuum as a thermal
bath with a characteristic temperature
kBTU =
~ a
2pi c
, (1)
proportional to its acceleration a. Direct experimental
verification thereof is however to date still missing. The
main problem is that the Unruh temperature (1) is in-
versely related to the propagation speed c of the field.
Hence very large accelerations are required to produce a
measurable temperature for fundamental quantum fields.
Analogue (quantum) simulators enable the study of
relativistic QFT effects in well controlled laboratory se-
tups [2, 3]. In these analogue systems, the speed of
sound replaces the speed of light for the propagation
speed of the effective massless field describing the evo-
lution of perturbations in the system. For an experi-
mental observation see e.g. [4]. This enabled a number
of first experimental observations of fundamental effects
of QFT in curved spacetime, like e.g. superradiant scat-
tering/amplification from a rotating analogue black hole
(dumb hole) [5], the analogue of the Hawking effect [6] in
classical [7–9] and quantum systems [10–12], cosmolog-
ical particle production [13], inflationary scenarios [14],
and the dynamical Casimir effect [15].
In this letter we address the question if the same can
be done for the Unruh effect. Can one “accelerate” a de-
tector in the vacuum state of some field and see a ther-
mal response according to Eq. (1)? Several theoretical
proposals can be found in the literature [16–19], though
experimental efforts to observe the analogue Unruh ef-
fect have relied on either functional equivalence [20] or
virtual observers [21]. In contrast, we propose a phys-
ically accelerated particle detector, constructed using a
localized laser beam interacting with an oblate quasi-2d
Bose-Einstein condensate (BEC). Density perturbations
in a homogeneous BEC are described by an effective rel-
ativistic field theory which transduces fluctuations in the
refractive index of the medium into phase fluctuations in
the laser. Using an interferometric setup, we show that
the laser, or any continuous probing field, realizes a suit-
able particle detector and demonstrate that for an accel-
erated circular path of the laser-BEC interaction point,
in the (Minkowski) vacuum of the density perturbation
field, the effect of the Unruh temperature can indeed be
measured.
Circular Unruh effect with a transverse detec-
tor field.—Bell and Leinaas [22, 23] (see also Unruh
[24]) showed that circular motion with its constant radial
acceleration could also produce a spectrum which was ap-
proximately thermal. The advantages of uniform circular
motion for analogue relativistic field theories have been
previously acknowledged [17]. A notable simplification
that occurs for uniform circular motion is that the proper
and coordinate time are related by a time-independent
gamma factor. We first consider an idealized field the-
ory, and present a new demonstration that a relativistic
field can serve as a detector for the circular Unruh effect.
The field theory involves a two-dimensional scalar field
φ(t,x), with x = (x, y), and a one-dimensional scalar
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2probing field ψ(t, z). The Lagrangian is written as
L =
1
2
∫
dz
(
ψ˙2(t, z)− (∂zψ(t, z))2
)
+
1
2
∫
dx
(
1
c2s
φ˙2(t,x)− (∇φ(t,x))2
)
− ε
∫
dxdz ∂tψ(t, z)φ(t,x)δ(x−X(t))δ(z), (2)
where cs is the propagation speed of the φ field, X(t)
parametrizes the path of interaction between the two
fields, and ε is a small coupling constant. The propa-
gation speed of the ψ field has been set to unity. The
delta functions δ(x −X(t))δ(z) restrict the interaction
to a trajectory of the ψ beam in the z = 0 plane described
by X(t), such that the effective interaction Lagrangian
is
Lint = −εφ(t,X(t))∂tψ(t, 0). (3)
The equation of motion for ψ reads
∂2t ψ(t, z)− ∂2zψ(t, z) = εδ(z)∂tφ(t,X(t)). (4)
This equation has the approximate solution
ψ(t, z) = ψ0(t, z) +
ε
2
φ (t− |z| ,X (t− |z|)) , (5)
which shows that the field φ leaks into the probing field ψ.
In other words, the interaction acts as a transducer from
the φ field to the ψ field. At the same time, fluctuations
of ψ0 will leak into the φ field as a back-action.
We take the interaction trajectory to be circular with
radius R ≥ 0 and angular frequency Ω ≥ 0, such that
X(t) = (R cos(Ωt), R sin(Ωt), 0). In the rest of this sec-
tion we consider a toy scenario in which ψ is initially
prepared in its vacuum state.
Suppose hence that prior to the interaction φ is in the
vacuum state |0〉 and the detector field ψ is in its ground
state ‖0〉〉. First-order transitions connect the initial state
|0〉 ‖0〉〉 to states of the form |1k〉 ‖1K〉〉 where |1k〉 = a†k |0〉
and ‖1K〉〉 = a¯†K‖0〉〉, with a†k and a¯†K being the creation
operators in the mode expansions of φ and ψ, respec-
tively. The transition amplitude is
iε
∫
dt 〈〈1K‖〈1k|∂tψ(t, 0)φ(t,X(t)) |0〉 ‖0〉〉
=
ε
√
ω˜/ω
2(2pi)
3/2
∫
dt eiω˜te−ik·X(t)+iωt, (6)
where ω˜ = K > 0 is the detector mode frequency and
ω = cs|k| is the φ mode frequency. Note from (6) that
the transition amplitude vanishes in the special case of a
static trajectory, just as for a pointlike relativistic Unruh-
DeWitt detector on an inertial trajectory [25].
Taking the squared modulus of (6), summing over all
possible final φ states, and using the stationarity of the
circular trajectory to factor out the (formally infinite)
total observation time, we find that the transition prob-
ability per unit time is
ε2ω˜
2pi
∫
ds e−iω˜sW (s), (7)
where W (s) is the φ field Wightman function evaluated
on the interaction trajectory,
W (s) = 〈0|φ(s,X(s))φ(0,X(0))|0〉. (8)
The transition probability per unit time has thus the
same dependence on the interaction trajectory as that
of a pointlike two-state system coupled to φ along the
trajectory [25]: the ψ field acts as a detector for fluctua-
tions of the φ field along the interaction trajectory . Note,
however, that ω˜ here is the energy with respect to the lab-
oratory time t, while the normal Unruh effect context is
for trajectories satisfying the timelike condition ΩR < cs,
and for energies defined with respect to the proper time
τ = t/γs, where γs =
(
1− (ΩR)2/c2s
)−1/2
. This gamma-
factor will be crucial when estimating the experimental
feasibility for detecting the analogue circular Unruh ef-
fect.
Lasers as local detectors of a BEC field.—In
the following, we establish the connection between the
idealized field theory model, Eq. (2), and a localized laser
beam propagating in the z-direction interacting with an
effectively two-dimensional BEC in the (x, y)-plane.
The free electromagnetic field Lagrangian in (3 + 1)
dimensions is Lem = − 14FµνFµν , with field tensor Fµν =
∂µAν − ∂νAµ and vector potential Aµ. In the Coulomb
gauge (A0 = 0 and ∇ · A = 0), for a linearly polarized
laser propagating in the z-direction, perpendicular to the
BEC plane, the Lagrangian reduces to
Lem = 1
2
(
(∂tA(t, z))
2 − (∂zA(t, z))2
)
, (9)
with the speed of light set to unity. As the laser is moved,
the interaction point traces out a path X(t) in the (x, y)-
plane. We express the evolution in terms of the labora-
tory time t. As before, we specialize to uniform circular
trajectories, in which case the gamma factor γs = t/τ is
constant.
The homogeneous quasi-2d BEC is described by the
Lagrangian (see e.g. [26])
LBEC = i~Φ∂tΦ∗ + ~
2
2m
|∇Φ|2 + g2d
2
|Φ|4 , (10)
where Φ = Φ(t,x) is the complex-valued BEC field andm
is the boson atom mass. The two-dimensional interaction
coupling constant is given by
g2d =
√
8pi
~2as
ma⊥
, (11)
3where as is the s-wave scattering length, and a⊥ =√
~/mω⊥ is the oscillator length of the transverse con-
finement V (z) = mω2⊥z
2/2. The chemical potential
µ = ρ0g2d is given in terms of the coupling constant and
the average density ρ0 =
N
V of N bosons in a volume V
and defines the speed of sound in the BEC cs =
√
µ/m
and the healing length ξ = ~/
√
2µm. The effective
two-dimensional BEC description applies to the regime
µ, kBT  ~ω⊥, for which dynamics along the radial
direction is frozen. Note that here we neglect swelling
of the condensate in the z-direction, which, for the lin-
earized equations of motion, only causes a slight shift in
the speed of sound [27].
When the laser beam passes through the BEC, the
atoms will react by forming dipoles according to their
polarizabilities α. Assuming the laser is sufficiently de-
tuned from atomic resonance, α can be taken to be real
and the BEC-light interaction can be calculated within
a semiclassical model in the framework of macroscopic
electrodynamics. In the dilute gas regime, αρ3d  1, the
Lagrangian describing the interaction is [28, 29]
Lint = − α (∂tA)2 |Φ|2 . (12)
The BEC thickness ∆z is assumed to be small, as is the
width of the laser beam, such that the interaction be-
tween the laser and the BEC is pointlike. Although not
explicitly written everywhere, the fields A and Φ in this
interaction term are understood to be evaluated at z = 0.
The coupling Eq. (12) can be interpreted in terms of a
fluctuating index of refraction nBEC =
√
1 + αρ3d, which,
within the dilute gas approximation, can be expanded to
first order in αρ3d. The imaginary (absorptive) compo-
nent of α follows from the Kramers-Kronig relation, and
will be used in the following section to ensure the laser-
BEC interaction is non-destructive.
In order to map the system to the idealized model
Eq. (2), we write the fields A(t, z) and Φ(t,x) in terms of
perturbations about a classical background field ansatz,
such that A(t, z) = A0 cos (ωLt−Kz + ψ(t, z)) and
Φ(t,x) =
√
ρ0 + δρ(t,x)e
iθ(t,x). We take the background
laser field to be a plane wave, A0 cos (ωLt−Kz), and the
perturbation ψ(t, z) to be a real field that describes the
phase fluctuations of the laser. Neglecting absorption,
the amplitude of this plane wave can be taken to be con-
stant. The BEC field Φ is expanded in terms of the (in-
homogeneous) phase and density perturbations (θ(t,x)
and δρ(t,x), respectively) about the homogeneous mean
field density ρ0 = 〈|Φ|2〉. For the remainder of the pa-
per, we consider the BEC perturbations within the long
wavelength limit ~ω  µ.
As shown in the Supplemental Material, in the regime
of interest, both ψ and θ are described by the Klein-
Gordon Lagrangian. Equivalent to Eq. (2) ψ propagates
at the speed of light, while θ propagates at the speed of
sound in the BEC. Upon quantization, θ and δρ become
FIG. 1. Simplified schematic of our proposed experimental ar-
rangement. An initial beam sharply peaked at frequency ωL
is modulated to create sidebands peaked at a pair of frequen-
cies ωL ± ωM that are oppositely detuned from an atomic
resonance. The central band is then filtered out. The two
remaining sideband beams traverse the same path, intersect-
ing a 2d BEC along a circular trajectory in the BEC plane.
Due to the opposite detuning, the sidebeams pick up opposite
phase shifts when interacting with the BEC.
noncommuting variables, though only the canonical mo-
mentum δρ = (~/g2d)∂tθ couples to the laser fluctuations
(c.f. Eq. (12)). As the laser is operated at a frequency
ωL which is much higher than the frequencies at which
the BEC is probed (i.e. µ  ~ωL), we can time average
over the cycle period 2pi/ωL, which leads to the simplified
interaction Lagrangian
Lint = − αA20ωLδρ(t,X(t))∂tψ(t, 0) . (13)
Here we neglected the constant time-independent phase
shift caused by the BEC bulk density, ∼ ρ0∂tψ, for sim-
plicity and the zeroth order Stark potential can be can-
celed by using two laser beams with opposite detuning
from the atomic resonance (see the following section and
Supplement Materials for details).
Since both fields, θ and δρ, have the same spacetime
dependence and the interaction Eq. (13) is of the desired
form Eq. (3) our system is equivalent to the idealized
field theory model, however, with the Wightman func-
tion Eq. (8) evaluated for the canonical momentum, i.e.
φ ≡ δρ. Before interaction with the BEC, the quan-
tized field ψ is simply electromagnetic noise (shot noise
and phase noise). The interaction (13) generates corre-
lations, as the laser phase samples quantum fluctuations
in the BEC density along the interaction trajectory. To
qualify as an observation of the analogue circular Unruh
effect, one must be able to identify the characteristic tra-
jectory dependence (7) from measurements made on the
transmitted laser field. In the following, we estimate the
feasibility of making such an observation.
Experimental Setup.—We will now describe and an-
alyze a schematic interferometric setup (Figure 1) that
will allow to measure the fluctuations in a 2d quan-
tum field, as discussed above. It is thereby crucial to
reduce measurement-induced disturbances to the (quan-
tum) minimum: a laser beam traversing a BEC creates
a dipole potential, which will exert mechanical forces on
4the atoms. This can be counteracted by shining a sec-
ond laser with opposite detuning along the identical path.
The mechanical effects of the detector can then be com-
pensated up to the (shot noise) intensity fluctuations of
the two beams. Such an arrangement (Figure 1) has in
addition many other advantages: (i) the two laser beams
experience opposite phase shifts (due to the opposite de-
tuning from the atomic resonance) which will allow bet-
ter sensitivity; (ii) the two beams form an interferome-
ter when a photodetector measures the beating between
the two frequencies. The desired phase shift imprinted
by the BEC quantum vacuum fluctuations can then be
measured as a phase shift in the beating between the two
opposite detuned laser frequencies; (iii) the light beams
go through the same path, hence any common distur-
bance will cancel when measuring their relative phase
shift.
A deflector will then allow the beams (our detector)
to interact with the BEC along a circular trajectory in
the BEC plane. Continuous measurement of the phase
quadrature then proceeds just as in phase-modulation
detection [30]. The optimal detection regime can be ob-
tained by constraining the photon absorption rate by
BEC atoms, and optimizing the resulting signal-to-noise
ratio (SNR) [31, 32].
In our system, the signal is characterized by the power
spectrum of the phase difference between the two side-
bands. It follows from the solution (5) that the power
spectrum for ψ contains a contribution from the re-
sponse function obtained by Fourier transforming the
BEC field Wightman function (8) along the interaction
trajectory. As long as the trajectory corresponds to a
stationary worldline, the response function will be sta-
tionary, and can be compared with the response function
for an Unruh-DeWitt detector.
We use the Unruh temperature given by (14) to es-
timate the fluctuations sampled by the laser field as it
interacts with the BEC. For later convenience, we define
the dimensionless inverse analogue Unruh temperature of
the circular trajectory as
β˜ =
µ
kBTU
=
2pic2s
γsv2
µ
~ΩR
, (14)
where ΩR = cs/R. Formula (14) is obtained from (1)
by using for a the circular motion proper acceleration
in the effective BEC Minkowski geometry and adjusting
the energies to be defined with respect to the laboratory
time, as is appropriate for the BEC. The actual effec-
tive temperature for circular motion includes an energy-
dependent factor of order unity [22, 24, 33], which we
shall suppress here.
The resolution required to distinguish Unruh thermal
from vacuum BEC fluctuations in the laser phase noise
spectrum defines the scale of our signal; as shown in the
Supplemental Material, the signal-to-noise ratio in the
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FIG. 2. Signal-to-noise ratio ∆SN as a function of dimen-
sionless energy E˜ = ~ω/µ for 133Cs and N = 106 experi-
mental realizations. The experimental parameters chosen are
the scattering rate Γsc ≈ 0.1 Hz, beam width r0 = 3µm,
chemical potential µ ≈ 2pi~ 9.5 Hz, healing length ξ ≈ 2µm,
density ρ0 = 10
3 µm−2, scattering length as = 25pm, ra-
dial confinement a⊥ = 1µm, and the observer trajectory ra-
dius R = 10µm ≈ 5ξ and velocity v = 0.95cs leading to
TU ≈ 60 pK. Note that the signal vanishes for E˜ → 0, due
to the suppression of density perturbations δρ at long wave-
length. The signal to noise ratio within the whole phononic
band (below the dashed black line) given by Eq. (17) for
Bm = 1 Hz is ∆SN ≈ 5.8.
phononic regime ~ω  µ for our proposed experiment is
given by
∆SN ≈
√
NB
2
χ E˜2F(β˜E˜)e−(r0/ξ)2 E˜2/2 , (15)
where E˜ = ~ω/µ is the BEC mode energy ~ω in units of
the chemical potential, F(x) = (ex − 1)−1 is the Bose-
Einstein distribution function, N is the number of ex-
perimental realizations, B is the resolution bandwidth in
units of the resolution bandwidth of the measurement
Bm, and
χ =
3pi2
2
(
Γsce
−D˜ρ0pir20
2ωL
)(
λ0
λL
)3(
mc2
~ωL
)
, (16)
where Γsc is the photon scattering rate, D˜ is the off-
resonance optical density, and r0 is the beam width of
the Gaussian laser beam. The exponential in Eq. (15)
accounts for the averaging of fluctuations across the laser
beam profile, leading to an additional suppression at high
frequencies.
Bounds on experimental parameters can readily be in-
ferred from Eqs. (14) and (15). First, continuous non-
destructive measurement requires Γsc  1, limiting the
power, detuning, and beam width of the laser beams.
Second, µ/~ > Bm in order to have sufficient frequency
5resolution within the phononic band. The measurement
resolution bandwidth Bm is limited by the lifetime of the
BEC due to, e.g., technical heating or three-body col-
lisions, and/or back-action of the laser. In particular,
due to the finite size of the BEC, disturbances caused
by the laser can reflect back from the edges, obscuring
the desired behavior [34]. Third, sufficiently high Unruh
temperatures require ~ΩR ≈ µ, for which the observer
radius R has to be of the order of the healing length ξ
of the BEC. Since this fixes β˜, the SNR is maximized
within the phononic band by increasing (decreasing) the
density ρ0 (scattering length as) for µ = const. Finally,
heavy atomic species are favored since the SNR increases
with the atomic mass m. The signal to noise ratio is
shown in Fig. (2) for B = 1, and hence independent of the
measurement bandwidth resolution. Note that for the re-
sults presented in Fig. (2) we, in particular, include the
multilevel structure of atomic resonances in 133Cs (see
Supplemental Information for details) which leads to a
slight shift of the SNR predictions of order one from the
theoretical prediction Eqs. (15) and (17).
A lower bound on the observability can be given by
considering the signal to noise ratio within the whole
phononic band, given by (see Supplemental Material for
details)
∆SN ≈
√
Nµ
4pi~Bm
χ
β˜3
I(β˜) . (17)
The integral I(β˜) is of order unity and explicitly given
in the Supplementary Materials. For Bm = 1 Hz and the
parameters presented in Fig. (2) we get ∆SN ≈ 5.8.
Conclusion.—We presented a new model for the ana-
logue circular Unruh effect using a continuous probing
field as a particle detector. Considering an idealized case
where both the detector field and the scalar field to be
measured are in the vacuum state, we showed that the
interaction only leads to particle creation in the detec-
tor field if the interaction point moves on a noninertial
trajectory. We also showed that the detector transition
probability has the same trajectory dependence as an
Unruh-DeWitt detector.
The idealized model was then found to apply to the
description of interacting fluctuations in a laser-coupled
BEC system. We proposed an experimental arrangement
to observe the analogue Unruh effect, and preliminary
estimates indicate that the experiment is feasible. The
proposed detection scheme is more generally useful for
the field of quantum sensitive detectors for quantum flu-
ids. The continuous measurement of fluctuations opens
the door to new ways to probe quantum features not just
of BECs, but of other laser-coupled systems such as su-
perfluid helium. The back-action inherent to continuous
measurements has not been addressed in this work; fur-
ther investigation is required to determine how the effects
of such back-action can be minimized. If necessary, the
sensitivity could be enhanced by using a squeezed input
state [35], as has been implemented by LIGO [36].
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1Supplemental Material
Polarizability volume
The response of a dipole to a linearly polarized, ex-
ternal electromagnetic field is characterized by its po-
larizability α. Approximating multi-level systems in the
rotating wave approximation (RWA) with only one res-
onance frequency and neglecting the hyperfine-splitting,
the frequency dependent polarizability volume can be ex-
pressed in terms of the resonance frequency ωr and the
linewidth Γ
α(ω) = −6pic
3
ω3r
1
δ0
+ i
6pic3
ω3r
1
δ20
, (S1)
where δ0 = (ω − ωr)/(Γ/2) is the detuning per half-
linewidth, and we are assuming both that |δ0|  1 and
that the |ω − ωr|  ωr (see e.g. [37–41]).
Equivalently, the polarizability (S1) can be used
to define a fluctuating complex index of refraction
nBEC ≈
√
1 + αρ3D, which can be expanded to linear or-
der within the dilute gas approximation αρ3d  1. The
real part leads to a phase shift
ϕ =
2pi(Re [nBEC]− 1)∆z
λ
, (S2)
whereas the imaginary part corresponds to absorption.
Note that since | Im [α] | = |Re [α] |/δ0 absorption is
highly suppressed for large detuning.
In the following analytic derivations, we will consis-
tently use the assumptions as stated above and will ne-
glect saturation effects, valid for low enough intensities,
for simplicity. The results presented in Fig. (2) of the
main text are calculated numerically, taking into account
both the D1 and D2 resonance lines of 133Cs. The po-
larizability Eq. (S1) for a single resonance is therefore, in
case of linearly polarized light, replaced by
α = αD1/3 + 2αD2/3 . (S3)
For completeness, we take for αD1/D2 predictions beyond
the rotating wave approximation, valid for any value of
the detuning (see e.g. [37]), but find good agreement with
the simplified version Eq. (S1).
Linearisation of Single Laser Interaction
In the following we derive the linearized BEC-light La-
grangian, connecting our setup to the idealized field the-
ory Eq. (2). We consider large detuning, such that we can
neglect the complex part of the polarizability α. The full
Lagrangian is given by
L = LBEC + Lem + Lint , (S4)
with the BEC, electromagnetic, and interaction La-
grangians given by Eqs. (10), (9), and (12), respectively.
The BEC Lagrangian is readily linearized following the
standard procedure of expanding the complex field in the
Madelung representation Φ =
√
ρ0 + δρ e
iθ to second or-
der in the small density perturbations δρ and phase gra-
dients ∇θ. Considering for simplicity a constant back-
ground density ρ0 = N/V , the equations of motion are
given by
~∂tδρ = −~
2
m
ρ0∇2θ
~∂tθ =
~2
4mρ0
∇2δρ− g2dδρ . (S5)
Upon canonical quantization, i.e. imposing equal-time
commutation relations [δρˆ(r) θˆ(r′)] = iδ(r − r′), the
equations of motion (S5) can be mapped to the Bogoli-
ubov equations for a condensate
i~∂t
(
B
B†
)
=
(
− ~22m∇2 + µ µ
−µ ~22m∇2 − µ
)(
B
B†
)
, (S6)
via the canonical transformation B = δρˆ/2
√
ρ0 + i
√
ρ0θˆ.
Therefore the standard diagonalization of the Bogoliubov
Hamiltonian can be applied, leading to the modal expan-
sion
θˆ(t, r) =
1
2
√
V ρ0
∑
k
√
k
Ek
(
bˆk e
−i(kt/~−kr) + H.c.
)
(S7)
δρˆ(t, r) =
ρ0
V
∑
k
√
Ek
k
(
bˆk e
−i(kt/~−kr) + H.c.
)
(S8)
for the density and phase fluctuations within the quasi-
particle basis. Here Ek = ~2k2/2m and the dispersion
relation is given by k =
√
Ek(Ek + 2µ). In the long
wavelength (phononic) regime, i.e. neglecting the quan-
tum pressure term ∼ ∇2δρ in Eq. (S5), we have k ≈ cs~k
and each of the fields θ(t, r),δρ(t, r) obeys the massless
Klein-Gordon equation.
For the electromagnetic field we calculate the deriva-
tive using the perturbed ansatz
A(t, z) = A0 cos (ωLt−Kz + ψ(t, z)) . (S9)
Expanding the derivatives to second order in ψ and time-
averaging the fast oscillating terms as compared to the
BEC dynamics, i.e. sin(ωLt)
2 → 12 , cos(ωLt)2 → 12 and
sin(ωLt) cos(ωLt)→ 0, leads to
(∂tA)
2
=
1
2
A20 (ωL + ∂tψ)
2
, (S10)
(∂zA)
2
=
1
2
A20 (−K + ∂zψ)2 . (S11)
2Since the terms linear in the first-order derivatives only
contribute by a boundary term, the free electromagnetic
Lagrangian in equation (9) can be effectively written as
Lem = A
2
0
4
(
(∂tψ)
2 − (∂zψ)2
)
, (S12)
which is, up to a constant rescaling of ψ, equivalent to
the Klein-Gordon Lagrangian.
Similarly, the interaction Lagrangian
Lint = α
2
(∂tA)
2 |Φ|2 , (S13)
can be simplified by using (S10) to
Lint = 1
4
αA20 (ωL + ∂tψ)
2
(ρ0 + δρ) . (S14)
Hence, at leading order the coupling between the BEC
and laser is
Lint = α
2
A20ωLδρ∂tψ , (S15)
The zeroth-order term in the laser phase fluctuations,
responsible for the Stark-potential, is canceled by us-
ing two oppositely (red/blue) detuned laser beams with
(αA20ω
2
L)blue = −(αA20ω2L)red. The constant phase shift
caused by the bulk density also follows from (S13).
Power spectral density and signal-to-noise ratio
The measured observable is the power spectral den-
sity of the phase fluctuations in the laser, i.e. the time-
Fourier-Transform of the unequal-time phase-phase cor-
relation function
Sψ(ω) =
∫ ∞
−∞
dτ 〈ψ(τ)ψ(0)〉 e−iωτ , (S16)
where τ = t − t′ and we assumed time-translation in-
variance. From the approximate solution Eq. (5) with
the coupling  defined by Eq. (S15) after rescaling ψ to
bring the free electromagnetic Lagrangian Eq. (S12) in
canonical form we get
Sψ(ω) =
(piρ0
λ
Re [α]
)2
Sδρ(ω) , (S17)
where Sδρ(ω) is determined by the BEC density fluc-
tuations δρ(t, r) evaluated along the observer trajectory
X(t). Note that, for a fixed interaction point, Eq. (S17)
is equivalently obtained by linearizing the fluctuations
of the refractive index nBEC. For non-inertial trajecto-
ries, however, Sδρ(ω) will exhibit an excess in fluctuations
caused by the Unruh effect.
In order to assess the feasibility to detect the signal
caused by the Unruh effect we take a simplified approach,
based on the expected approximately thermal response
of an Unruh-DeWitt detector. We therefore estimate the
feasibility for a stationary observer to detect an increase
in fluctuations of the BEC caused by the Unruh temper-
ature TU . A more comprehensive theoretical description
of the experiment is beyond the scope of this letter, and
will be presented elsewhere.
For the experimental setup we consider a focused
Gaussian laser beam with minimum beam width r0, in-
tensity P0, frequency ωL at the resonance frequency of
the BEC. The initial beam is modulated with a mi-
crowave signal of frequency ωM to populate the side-
bands, with detuning δ0 = ±2ωM/Γ in units of the half-
linewidth and power P = M2P0/4 with modulation index
M . The central band is subsequently filtered out.
The extracted shot-noise limited phase field
ψ(t) = ψS(t) + δψSN(t) . (S18)
is averaged over the beam-size with the weight given by
the Gaussian intensity profile
ψ(t) =
∫
d2r ψ(r, t)
e
− r2
2r20
2pir20
. (S19)
In the following we will suppress the overbar, denoting
the spatial averaging, to shorten the notation.
The signal ψS, determined by Eq. (S17), contains the
information about the BEC fluctuations. Note that the
red and blue detuned laser beams experience a phase
shift ±ψS, respectively. Hence, assuming a sufficiently
large photon number, the shot noise fluctuations can be
approximated by a Gaussian with zero mean and variance
〈δψSN(t)δψSN(t′)〉 = 2~ωL
M2P0e−D˜
δ(t− t′) = σ2SNδ(t− t′) ,
(S20)
where D˜ = 2piρ0 Imα/λL is the off-resonance optical den-
sity determining the transmitted power. All higher order
cumulants vanish due to the Gaussian approximation.
The power spectral density is therefore given by
〈Sψ(ω)〉 ≈ S(ω) + σ2SN , (S21)
where S(ω) for a thermal or vacuum state is determined
through Eqs. (S8),(S17),(S19), and for positive frequen-
cies is given by
3S(ω) =
(
piρ0 Re[α]
λL
)2
2pim
~ρ0
P(~ω/µ)2
(~ω/µ)2 − P(~ω/µ)F(β~ω)e
− 2mµr
2
0
~2 P(~ω/µ) , (S22)
where P(x) := √1 + x2 − 1, F(x) = (ex − 1)−1 is the
Bose-Einstein distribution function, and β = (kBT )
−1.
The spatial averaging Eq. (S19) leads to an additional
suppression of the signal at high frequencies (last term
in Eq. (S22)).
The variance of the mean σ¯S of S¯ for N experimental
realizations is
σ¯2S =
σ2S
NB =
σ4SN
NB
[
1 + 2
S¯
σ2SN
+ 2
S¯2
σ4SN
]
. (S23)
Here, S¯ is the signal averaged over the analysis resolu-
tion bandwidth B, with B in units of the measurement
resolution bandwidth Bm. We therefore define the signal-
to-noise ratio (SNR)
SN :=
S¯
σ¯S
=
√
NB
 S¯/σ2SN√
1 + 2 S¯
σ2SN
+ 2 S¯
2
σ4SN
 (S24)
≈
√
NB S¯
σ2SN
, (S25)
where we neglected the constant offset caused by the
shot-noise and the second equality is valid for sufficiently
small signals S/σ2SN  1.
In order to assess the observability of the Unruh effect
we consider the difference signal between a BEC vacuum
state and a thermal state at the Unruh temperature TU.
Since the signal S(ω) vanishes for zero temperature (see
Eq. (S22)), we get
∆SN ≈
√
NB
2
S¯TU
σ2SN
, (S26)
where we restrict our attention to the approximate form
Eq. (S25) for simplicity.
For the remainder we will consider the relevant
phononic limit ~ω < µ for simplicity. The explicit re-
sults reported in Fig. (2) of the main text are calculated
numerically for the full model, using Eqs. (S3), (S22),
inverse healing length ξ−1 ∼
√
as
a⊥
ρ2d
chemical potential µ ∼ ξ−2m−1
inverse Unruh temperature βTU ∼ ξRm
dimensionless β˜ ∼ Rξ−1
∆SN prefactor χ ∼ a⊥
as
ξ−2m
TABLE I. List of important scaling relations.
and (S24). We find adequate accordance with the sim-
plified analytic predictions, the full model showing small
deviations of order one.
In the phononic regime ~ω < µ and for large detuning
δ0  1, Eq. (S26) simplifies to
∆SN ≈
√
NB
2
χ E˜2F(β˜E˜)e−(r0/ξ)2 E˜2/2 . (S27)
Here, E˜ = ~ω/µ is the BEC mode energy ~ω in units of
the chemical potential and β˜ = βµ is the dimensionless
inverse temperature. The dimensionless constant
χ =
3pi2
2
(
Γsce
−D˜ρ0pir20
2ωL
)(
λ0
λL
)3(
mc2
~ωL
)
(S28)
is determined through the atom-light interac-
tion parameters and the photon scattering rate
Γsc =
1
~cpir20
Im [α]M2P0, evaluated at the peak intensity
of the Gaussian laser beam. Note that we used Eq. (S1)
to relate the real and imaginary part of the polarizability.
Continuous non-destructive measurement of the BEC
requires Γsc  1.
Neglecting the high frequency cutoff, which is small
within the phononic regime, the frequency dependence
of the SNR is determined by the function fS(E˜, β˜) =
(β˜E˜)2F(β˜E˜)/β˜2. We therefore get the dependence of the
SNR on the system parameters ∆SN ≡ ∆SN [ρ0,m, β˜].
Keeping the remaining parameters fixed, we find: (i) in-
creasing (decreasing) the density ρ0 shifts the SNR to
lower (higher) frequencies, (ii) increasing (decreasing)
the atomic mass m shifts the SNR to higher (lower)
values, and (iii) increasing (decreasing) β˜, i.e. increas-
ing (decreasing) Unruh temperature, self-similarly shifts
the SNR along a parabola to lower (higher) frequencies.
The maximum SNR is reached at E˜max ≈ 1.7/β˜ with
fS(E˜max, β˜) ≈ 0.65/β˜2. Note that for β˜ ≤ 1.7 the maxi-
mum is approximately at E˜max ≈ 1 with fS(E˜max, β˜) ≈
0.6F(β˜), where the numerical factor stems from the
suppression at high frequencies in the full expression
Eq. (S22) valid beyond the phononic regime. Important
scaling relations with with relevant experimental param-
eters are summarized in table (I).
A lower bound on the observability of the signal can be
given by considering the SNR within the whole phononic
band, i.e. B = µ/(2pi~Bm). This estimates the ability to
detect the increase in power due to access of fluctuations
caused by the BEC within the regime where the analogue
Unruh effect is expected to be valid. Neglecting again the
4high frequency cutoff, valid for sufficiently small beam
width r0 < ξ, we get the closed equation
∆SN ≈
√
Nµ
4pi~Bm
χ
β˜3
I(β˜) (S29)
≈ χ
√
Nµ
4pi~Bm
(
γsv
2~ΩR
2pic2sµ
)3
I(β˜) . (S30)
For the second equality we inserted the Unruh tem-
perature Eq. (14), where ΩR = cs/R. From table
(I) we find ∆SN ∼ √m(a⊥/as)R−3, showing the
dependence on the independent BEC and observer
trajectory parameters. The integral is given by
I(β˜) = −(β˜3/3)−β˜2 Li1(eβ˜)+2β˜ Li2(eβ˜)−2 Li3(eβ˜)+2ζ(3),
with the polylogarithm functions Lis and the
zeta-function ζ, and rapidly approaches its limit
lim
β˜→∞
I(β˜) = 2ζ(3) for β˜ & 5.
